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Olfactory coding: Revealing intrinsic representations of odors
Thomas C. Bozza and Peter Mombaerts
Recent studies have applied optical imaging of intrinsic
signals to the rodent olfactory system, providing a
unique view of how odorous molecules are represented
in the central nervous system. 
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The olfactory system is emerging as an attractive model
for the study of neuronal wiring and information process-
ing in the mammalian brain. Olfaction provides animals
with the ability to perceive innumerable structurally
diverse molecules and to discriminate subtle differences in
their molecular structure, often at minute concentrations.
Odor qualities such as floral, fruity, putrid and musky —
just to name a few — are perceptions of some features of
odorant molecules. However, the identity of the molecular
properties that are encoded by the olfactory system and
the mechanisms of this coding are still poorly defined.
Recent functional imaging studies in rodents [1–5] are
revealing the spatial distribution of odorant responsive-
ness in the brain. These studies promise to bridge the gap
between the molecular biology of odorant receptors and
the functional organization of the olfactory system.
Features of the olfactory system
A principal idea that has guided sensory research is that
individual neurons are tuned to respond preferentially to a
particular stimulus feature (or range of features) and that
feature sensitivity is mapped systematically among neurons
within a given brain region. Archetypal feature maps include
visual location and object orientation maps in primary
visual cortex, and maps for sound frequency and stimulus
location in other cortical and non-cortical areas. A similar
description of the arrangement of olfactory neurons in rela-
tion to encoded molecular features has not been available.
Odorant stimuli are detected by olfactory sensory neurons
located in the olfactory epithelium which lines the dorsal
aspect of the nasal cavity. To encode the panoply of odorous
stimuli, mammals such as mice have evolved a large reper-
toire of approximately 1000 odorant receptor genes encod-
ing G-protein coupled receptors. In rodents, each olfactory
sensory neuron likely expresses one  odorant receptor
gene [6], suggesting that the responsiveness of a given
olfactory sensory neuron reflects the activation profile of a
single type of receptor. Individual olfactory sensory neurons
respond to many odorants with varying affinities; con-
versely, many functionally distinct olfactory sensory neurons
play a role in detecting a given odorant.
Olfactory sensory neurons that express a given odorant
receptor are widely distributed within one of several
dorsal–ventral expression zones in the olfactory epithe-
lium. The olfactory epithelium is mapped onto the olfac-
tory bulb in the brain with a convergent topography such
that axons from olfactory sensory neurons expressing the
same odorant receptor converge onto defined glomeruli [6]
(Figure 1). Olfactory glomeruli are spherical regions of neu-
ropil in which thousands of afferents synapse with the
dendrites of output and intrinsic neurons in the olfactory
bulb. In mice, there are ~1800 glomeruli ranging in size
from 50–100 µm in diameter, covering the surface of the
olfactory bulb. A widely held view is that these prominent,
iterated neuronal circuits are functional units in olfactory
processing [7]. 
Given the extensive remapping of the olfactory epithe-
lium onto the olfactory bulb, a critical question is how the
spatial distribution of glomeruli on the olfactory bulb surface
is arranged with respect to properties of odorous mole-
cules. Studies in a variety of species, including rodents,
have shown that odorants elicit distributed spatial and
temporal patterns of activation across the olfactory bulb
[8,9]. The odorant-induced patterns are highly correlated
for related odorants and organized with a coarse chemo-
topy [10]. But the methods available for studying patterns
of activation in rodents — 2-deoxyglucose uptake and
c-Fos immunoreactivity — are essentially histological
methods, limited by their inherently low spatial and
temporal resolution. What is needed to bridge the gap
between molecular and functional analyses of the olfactory
system is a method to image many glomeruli over time at
high resolution.
A view to a smell
A significant step in this direction was taken by Rubin and
Katz [1] who applied the well-established and powerful tool
of intrinsic signal imaging to the olfactory system. Imaging
of intrinsic signals, which has been used extensively to
study the functional topography of visual cortex, exploits
minute changes in activity-dependent optical properties of
living neuronal tissue, measured as fluctuations in inten-
sity of reflected light. These optical signals likely derive
from a combination of local changes in the oxygenation
state of hemoglobin (altering its absorption spectrum) and
changes in light scattering [11]. Intrinsic imaging affords
sufficient spatial resolution to resolve individual glomeruli
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and is performed in freely breathing animals, allowing many
odorants to be presented in a natural way. Because exoge-
nous agents are not required to mediate the signal, the
assay is relatively non-invasive and can be performed on
exposed tissue or through thinned bone. This opens up the
possibility of repeatedly imaging from the same animal
(for instance, before and after pharmacological treatments
or behavioral training), as well as positioning recording
electrodes in relation to imaged activity patterns.
Intrinsic imaging reveales odor-specific patterns of discrete
foci of activity in the olfactory bulb (Figure 2). The active
foci appear to correspond to individual glomeruli, as the
size distribution of the discrete responses match the size
distribution of glomeruli measured in histological section.
Belluscio and Katz [4] further demonstrated that the
intrinsic signal foci overlap with individual glomeruli, by
counterstaining the olfactory gromeruli with a fluorescent
dye in vivo following the imaging procedure. Interestingly,
the intrinsic signal in the olfactory bulb is made up of two
components, a patterned but diffuse signal resulting from
regional changes in the oxygenation of hemoglobin, and a
more discrete signal (perhaps resulting from changes in
cell volume and subsequent light scattering) that emanates
from individual glomeruli [5]. The question remains as to
what neuronal populations contribute to the intrinsic
signal. From the density of cellular elements, the signal may
derive from the olfactory sensory neuron afferents them-
selves. Meister and Bonhoeffer [5] obtained evidence for
this by showing that the dynamics of the responses could
be modeled as a simple first-order process, an attribute
that has been observed for activity from afferents but not
second-order neurons.
The intrinsic activity patterns observed in rat and mouse
are consistent with our understanding of the molecular
organization of the olfactory pathway. Genetically identi-
fied glomeruli are found in bilaterally symmetric, conserved
regions of the olfactory bulbs. Consequently, odorants elicit
roughly bilaterally symmetric patterns between the left
and right olfactory bulbs (Figure 2), which are reproducible
across animals [4,5]. The bilateral symmetry and conserved
odorant representations are subject to variability, such that
the numbers and positions of active foci vary between the
left and right olfactory bulbs or among animals. This is con-
sistent with recent molecular data which have revealed
variability in the neighbor relationships among identified
glomeruli in a local olfactory bulb region [12], and in the
number of glomeruli formed by a given population of olfac-
tory sensory neurons [12,13]. The variability might make it
very difficult to identify reproducibly functionally distinct
(odorant receptor-specific) glomeruli from the intrinsic
signal imaging data. 
Additionally, each olfactory bulb contains two spatial
representations of olfactory information; the biological sig-
nificance of this is not known. In the mouse, populations
of olfactory sensory neurons that express a given odorant
receptor project to glomeruli within the medial and lateral
hemispheres of the olfactory bulb [14,15] (with some excep-
tions [12]), resulting in an internal symmetry within each
olfactory bulb [16]. Can this symmetry be seen in the intrin-
sic imaging experiments? Meister and Bonhoeffer [5] report
seeing corresponding medial and lateral aldehyde-sensi-
tive glomeruli in the anterior olfactory bulbs in some rats.
The molecular organization of glomeruli in the mouse olfac-
tory bulb suggests that corresponding medial and lateral
glomeruli should not be readily visible in the imaged
region of the dorsal olfactory bulb. Consistent with this,
Belluscio and Katz [4] did not observe corresponding
medial and lateral responses within the same mouse olfac-
tory bulb using the same stimuli. 
Figure 1
(a) Schematic diagram of the peripheral
olfactory system showing the convergent
topography of projections between the
receptor sheet and the olfactory bulb.
Olfactory sensory neurons (OSN) that express
a given odorant receptor project to the same
glomeruli (Glom). (b) Wholemount view of the
dorsal surface of the olfactory bulbs in a gene-
targeted mouse. Axons from olfactory sensory
neurons expressing a given odorant receptor
are labeled blue and converge onto discrete
glomeruli in the dorsal olfactory bulb. The
corresponding glomeruli are bilaterally
symmetrical with some variability in location
and glomerular number between the two
olfactory bulbs. (Note that this mouse has one
glomerulus in the right olfactory bulb and two
glomeruli in the left olfactory bulb.) 
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Odors in space 
Odorants with different functional groups activate distinct
domains in the olfactory bulb. Uchida and colleagues [3]
performed a systematic exploration of olfactory stimuli using
homologous series of compounds with incremental changes
along a structural dimension (such as carbon chain length
or position of functional group). They found that aldehy-
des and organic acids elicited overlapping activity within
an anteromedial region, while alcohols and certain ketones
activated a more lateral region. Within these two domains,
slight changes in odorant structure such as length or con-
figuration of carbon chain elicit distinct activity patterns.
Uchida et al. [3] propose a hierarchical organization in
which certain primary structural characteristics (such as
functional group), are represented by large-scale activity
patterns, while secondary features (such as carbon chain
length) are represented by slight, systematic changes within
these domains. 
Intrinsic imaging studies have also revealed a coarse
topography related to carbon chain length, one of many
‘dimensions’ along which molecular structure can vary.
Uchida et al. [3] noted that incremental increases in chain
length resulted in a gradual anterior-lateral shift in the
position of activated glomeruli for aldehydes in the lateral
domain, as well as for alcohols in the medial domain. A
similar progression was first described for organic acids in a
previous study [17], and thus seems to hold for several
classes of compounds, raising the possibility that this is a
general organizing principle of the olfactory representa-
tion in rodents. With increasing carbon chain length, the
response patterns progress in a spatially discontinuous
manner, exhibit overlap for odorants of similar chain length,
and involve only a fraction of distributed glomeruli within
a given olfactory bulb region [4,5] (Figure 2). Thus, neigh-
boring glomeruli in the same olfactory bulb region may
represent other stimulus properties other than chain
length. Additionally, glomeruli that represent chain length
in the aldehyde series may contribute to representations of
other stimulus features for other classes of molecules. 
An interesting question is how the spatial patterns of
activated glomeruli relate to perception. Rubin and Katz
[2] trained rats in a discrimination task using pairs of
enantiomers, mirror-image structural isomers that differ in
molecular shape but have similar physicochemical proper-
ties. Interestingly, they report that rats can readily distin-
guish between isomers that humans cannot. In all cases
tested, enantiomers elicited overlapping but readily distin-
guishable patterns of glomerular activation in the dorsal rat
olfactory bulb, with one or more glomeruli responding
preferentially to a particular enantiomer. Thus, as with more
disparate odorants, enantiomers are detected by overlap-
ping but distinct populations of olfactory sensory neurons.
These findings suggest, but do not prove, that discrimina-
tion between these strikingly similar compounds may
result from the activation of a small number of distinct
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Figure 2
Odorant-evoked intrinsic signals from the
dorsal mouse olfactory bulb. (a–e) Response
patterns elicited with a homologous series of
three to seven carbon straight-chain
aldehydes (C3 to C7) show distinct but
sometimes overlapping populations of
activated glomeruli (dark spots). For a given
odorant, the patterns are bilaterally
symmetrical with some variability between the
left and right olfactory bulbs. (f) When the
responses to the different aldehydes are
pseudocolored and overlapped, an anterior-
lateral shift in position can be seen with
increasing carbon chain length. (From [4].)
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glomeruli. An important question that remains is whether
spatially distinguishable glomerular activation patterns are
required for the discrimination of two compounds. 
A map of what?
Intrinsic imaging has provided the first view of the spatial
response patterns among individual glomeruli in the olfac-
tory system of living rodents. This approach makes it possi-
ble to investigate the detailed mapping of molecular features
on the surface of the olfactory bulb. But what is the signifi-
cance of maps (with respect to carbon chain-length, for
instance) in encoding a stimulus that is multi-dimensional
and inherently nonspatial? One proposed organizational
principle is that functionally similar afferents are mapped to
local regions of the olfactory bulb. This clustering of similar
inputs might provide a substrate for sharpening the tuning
properties of olfactory bulb neurons through lateral inhibi-
tion [18] or for the decorrelation of response patterns of
olfactory bulb neurons over time [19], increasing the infor-
mation capacity of the system. In both models, the fine-grain
resolution of the representation may be less important than
in sensory systems that encode spatial attributes of stimuli.
Thus, it is worth considering the degree to which molecular
features are systematically mapped in the olfactory bulb, and
whether models borrowed from other sensory systems accu-
rately describe salient features of the olfactory system. 
Because odorant receptors themselves are thought to
mediate the arrangement of glomeruli [14,20], we hypoth-
esize that what is actually mapped onto the surface of the
olfactory bulb may be some as of yet undefined property
(structure or function) of odorant receptors. While this prop-
erty would likely correlate in some way to odorant sensitiv-
ity, the relationship may or may not be absolute. Elucidation
of this relationship is of fundamental importance for under-
standing how the nervous system represents chemical
stimuli. Future studies exploiting molecular biology and
functional imaging will likely continue to elucidate intrin-
sically interesting properties of odor representations in the
mammalian brain. 
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